Abstract Bacillus anthracis, the causative agent of anthrax is one of the most important biological warfare agents. In this study, surface plasmon resonance (SPR) technology was used for indirect detection of B. anthracis by detecting protective antigen (PA), a common toxin produced by all live B. anthracis bacteria. For development of biosensor, a monoclonal antibody raised against B. anthracis PA was immobilized on carboxymethyldextran modified gold chip and its interaction with PA was characterized in situ by SPR and electrochemical impedance spectroscopy. By using kinetic evaluation software, K D (equilibrium constant) and B max (maximum binding capacity of analyte) were found to be 20 fM and 18.74, respectively. The change in Gibb's free energy (DG = -78.04 kJ/mol) confirmed the spontaneous interaction between antigen and antibody. The assay could detect 12 fM purified PA. When anthrax spores spiked soil samples were enriched, PA produced in the sample containing even a single spore of B. anthracis could be detected by SPR. PA being produced only by the vegetative cells of B. anthracis, confirms indirectly the presence of B. anthracis in the samples. The proposed method can be a very useful tool for screening and confirmation of anthrax suspected environmental samples during a bio-warfare like situation.
Introduction
Bacillus anthracis, the main causative agent of anthrax is a Gram positive, aerobic, rod shaped, non-motile, spore forming bacterium, and has gained the status of the most potent biological warfare agent. B. anthracis produces spores which are highly resistant to environmental stress such as heat, drought, radiations, chemical assault and even the vacuum of outer space [1] . The virulence of B. anthracis is attributed to two major factors, i.e. a tripartite toxin consisting of protective antigen (PA), lethal factor (LF) and edema factor (EF), and the poly-c-D-glutamic acid capsule [2] . The spores can drift gently in the wind and on finding their appropriate host (an animal or human) they change to the rod-like form and begin to multiply rapidly. Virulent B. anthracis vegetative cells form capsules of poly-D-glutamic acid which impedes the host immune system and inhibits macrophages from engulfing and destroying the bacteria [3] .
A reliable identification of B. anthracis is difficult due to the monomorphic nature of the Bacillus cereus group, which comprises B. cereus, B. anthracis, Bacillus thuringiensis, and Bacillus mycoides [4] . There are several methods available for serodiagnosis of anthrax infection [5, 6] . However, rapid, sensitive and specific detection of B. anthracis is a challenging task. Sample processing for isolation of bacterium is risky due to its highly virulent and pathogenic traits [7] . Thus, during anthrax outbreaks, a rapid and highly sensitive detection method is required which could detect B. anthracis in environmental as well as clinical samples without isolation of the bacteria. Presently, several methods have been developed for detection of B. anthracis and many more are still in development phase [8, 9] . Recently, several sensor platforms like evanescent wave fiber-optic biosensors [10] , electrochemiluminescence sensor [11] , quartz crystal microbalance [12] and surface plasmon resonance [13] have been devised for the detection of B. anthracis. However, many of these methods are time consuming, less sensitive and do not differentiate between live and dead spores/bacteria.
Here, we report a sensitive and specific method for the detection of PA using SPR technology. PA is produced by vegetative cells of all B. anthracis strains only as 83 kDa protein. Thus, the presence of PA in enriched soil samples indirectly confirms the presence of live B. anthracis. SPR is a dynamic method of real time detection in biological world which could detect and characterize the antigen antibody interaction in the absence of chemical labeling and with minimum sample preparation [14, 15] . In present study, the assay was used for detection and confirmation of anthrax spores in the soil samples spiked with a known number of B. anthracis spores by detecting PA by SPR.
Materials and Methods

Materials
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), phosphate buffered saline (PBS), 1 M ethanolamine and hydrochloric acid (HCl) were procured from Fluka. Citric acid, sodium hydroxide, dipotassium hydrogen phosphate and potassium dihydrogen phosphate were supplied by Sigma-Aldrich. All chemicals and reagents used were of analytical grade and purification was performed wherever necessary before use. A 0.05 M phosphate buffer (pH 6.0) was used as coupling buffer in the experiments and dilution of antibody was also carried out using this buffer.
Instrumentation
The studies of antigen-antibody interactions were conducted using a two channel cuvette based electrochemical SPR system (Autolab ESPRIT, Ecochemie B.V., The Netherlands). The outcome of the SPR measurement was automatically monitored using a software and data acquisition using the SPR software version 4.3.1 and all kinetic data were obtained using the SPR kinetic evaluation software version 5.1 (Ecochemie B.V.). Carboxymethyldextran (20 nm thickness) modified gold chip for SPR measurements was purchased from XanTec Bioanalytics (Germany). The pH of the buffers used was measured with a EUTECH instrument pH meter (pH 1,500, Singapore). The temperature of cuvette was controlled by a water bath (Julabo HE-4, Germany).
Preparation of Antigen
The antigen, B. anthracis recombinant PA (rPA, 83 kDa) used for evaluation procedure in this study was prepared and purified as described earlier [16] .
Production of Monoclonal Antibodies
A mouse monoclonal antibody designated 3E5B8 was raised against 83 kDa rPA. Preparations containing 50 lg of rPA were injected subcutaneously into 8-week-old BALB/c mice. The immunization was repeated three times at 2 weeks intervals before boosting with 25 lg rPA per mouse. The spleen cells were removed 3 days later and fused with myeloma cells, according to the standard procedure [17] . The hybridomas were cloned by limit dilution, screened using enzyme linked immunosorbent assay (ELISA). The MAbs were purified by protein A column (Montage PROSEP-A Antibody Purification, Millipore), and analysed by SDS-PAGE to determine the purity.
ELISA
For determination of titre of antibodies, MaxiSorp Flat Bottom 96-well microtiter plates (Nalge Nunc International, Denmark) were coated with 100 lL per well of carbonate-bicarbonate buffer (pH 9.6) containing 2 lg/mL of rPA and incubated overnight at 4°C. The antigen coated plates were washed three times with wash buffer (PBS containing 0.1 % Tween 20) using ELx 508 MS microplate washer (BioTek Instruments Inc., USA). The wells were blocked with 300 lL of blocking buffer (5 % skimmed milk in PBS) for 2 h at 37°C. After washing, a concentration series of purified MAbs were added in 100 lL aliquots to individual wells and incubated for 60 min at 37°C, and the plates were then washed three times with wash buffer. Horseradish peroxidase-conjugated goat antimouse antibodies (Sigma-Aldrich, USA) diluted in PBS containing 5 % skim milk and 0.5 % Tween 20 (100 lL/ well) were added at a dilution of 1/1,000 and incubated for 60 min to detect the bound anti-PA-IgG. Plates were again washed three times with wash buffer and detected colorimetrically by using 100 lL per well of ortho-phenyl diamine/H 2 O 2 substrate (Sigma-Aldrich, USA). Color development was stopped after 20 min by adding 50 lL of 2.5 N H 2 SO 4 solution in each well and the plate was read at 492 nm using a ELISA plate reader (BioTek Instruments Inc., USA).
Specificity of Monoclonal Antibodies
Different Bacillus species including B. anthracis Sterne, B. cereus, B. licheniformis, B. mycoides, B. pumilus, B. subtilis and B. thuringiensis were grown for 8 h in BHI broth. The culture broth was centrifuged and the supernatant of individual bacterial species was run on SDS-PAGE followed by Western blotting with MAb.
Preparation of Spores
Bacillus anthracis Sterne (pXO1 ? pXO2 -), B. cereus, B. licheniformis, B. mycoides, B. subtilis and B. thuringiensis were used in this study. Bacteria were grown on brain heart infusion (BHI) agar plates and incubated overnight at 37°C. Subsequently, culture plates were transferred at room temperature for 6-7 days. Spores were harvested in normal saline from BHI plates, aseptically. The suspension was heated at 65°C in water bath to inactivate the vegetative cells, if any. The concentration of colony forming units/mL in suspension was determined by plate counting method and Neubauer counting chamber. The final concentration of 1 9 10 9 spores/mL was prepared and stored at -80°C for further use.
Immobilization of Anti-PA Monoclonal Antibody on the Carboxymethyldextran Modified Gold SPR Sensor Chip
Prior to start of the experiment, the milli degree change in resonance angle was recorded as the baseline and stabilized by passing 50 lL of 0.05M phosphate buffer (pH 8.0) over carboxymethyldextran modified gold chip at an interval of 120 for 600 s. The carboxymethyldextran modified gold chip was then activated by injecting a 50 lL of freshly prepared 1:1 mixture of EDC (400 mM) and NHS (100 mM) over the chip surface for 900 s in order to get more amine reactive NHS esters followed by immediate injection of 50 lL of a-PA monoclonal antibodies (0.34 mg/mL in 0.05 M phosphate buffer) in channel 2 and allowed to interact for 1,800 s to get an effective immobilization of a-PA monoclonal antibody over the activated dextran modified surface. The immobilized surface was blocked for 600 s with 1M ethanolamine (pH 8.5) to deactivate non-reacted NHS ester in order to avoid non specific binding of antigen over the immobilized surface during sensing process. For negative control measurement, the modified gold surface was activated with EDC/NHS and then blocked with ethanolamine in channel 1 as mentioned above and was used as the blank control surface.
Optimization of Experimental Conditions
In order to find out the optimum temperature for the interaction of antigen and antibody, temperature variation study was carried out in the range from 10 to 40°C with an increment of 3°C.
Antigen-Antibody Interaction and Characterization
For affinity measurements and detection limit of PA, varying concentrations of PA were prepared in phosphate buffer saline and injected into both channels from the 384 well micro titer plate and then association was performed for 500 s and dissociation for 400 s. Subsequently, 10 mM HCl was used to achieve regeneration of the sensor surface after each interaction for 120 s, and PA was recovered in order to bring the signal to baseline level so as to start a new cycle. The above procedure was performed with solutions containing 12, 120 fM, 1.2 and 12 pM concentrations of PA. A solution of phosphate buffer saline (pH 7.4) was used throughout the experiment as the running buffer.
Study of Kinetic Parameters
Kinetic parameters of affinity interactions were characterized on the basis of K D values (equilibrium constant) and B max (maximum binding capacity of analyte) using kinetic evaluation software version 5.1. The thermodynamic parameter was calculated using Van't Hoff equation [18] .
Detection of B. anthracis from Soil Samples
Sterilized and unsterilized soils samples were artificially spiked with different number of spores of B. anthracis Sterne, B. cereus, B. mycoides, B. licheniformis and B. thuringiensis. One gram of spiked soil was suspended in 5 mL of BHI broth and incubated at 37°C for 6-8 h under shaking conditions. After incubation, 1 mL of sample from upper layer of broth was centrifuged at 12,000 rpm for 10 min at room temperature. Supernatant was passed through 0.22 lm syringe filters and 1:10 dilution of supernatant in PBS was used directly for detection of PA. For negative control, 1 g of un-spiked soil was used in place of spiked soil. The concentration of spores used was 10 0 -10 5 spores/g in both sterilized and unsterilized soil.
Results and Discussion
Generation of Monoclonal Antibodies
The purified monoclonal antibody (MAb) 3E5B8 raised against rPA in this study exhibited a very good reactivity (a titre of 1:512,000) with the PA in ELISA (Fig. 1a) . The antibodies were highly specific to PA produced by B. anthracis as no cross reactivity was observed with the toxin produced by any of the other homologous bacterial species (Fig. 1b) .
Immobilization of Anti-PA Monoclonal Antibody on Carboxymethyldextran Modified Gold Chip for SPR Sensor
Immobilization of antibody on modified gold SPR sensor chip was done in nine steps as described in Fig. 2 . In the first step, the base line was stabilized for 120 s in order to get a stable baseline signal. In the second step, the carboxyl groups on the dextran layer was activated with EDC-NHS (1:1 mixture) for 900 s for the generation of highly reactive O-acylisourea intermediates in order to make amide bonds between the carboxylic acid groups of modified sensor chip and the amino groups of anti-PA monoclonal antibody. The activation of the sensor chip resulted with 548 mdeg angle change in SPR. In the third step, washing was done with PBS, which brought the angle change nearly to the baseline value [19] . After washing, in the fourth step, 50 lL of anti-PA monoclonal antibody was injected on the sensor surface and allowed to interact for 1,800 s which resulted in angle shift of 102.67 mdeg. Subsequently, to remove unbound antibodies, a second washing was performed with PBS in the fifth step and during this process, the SPR angle decreased by 1.5 mdeg. To prevent non-specific binding of antigen on the sensor surface with un-reacted NHS group, blocking was performed for 600 s with 1M ethanolamine (pH 8.5) in the sixth step, which resulted in increase in SPR angle by 659.5 mdeg. In the seventh step, washing was done with PBS for 30 s followed by regeneration for 120 s in the eighth step. Finally, in the ninth step, baseline was brought back to initial value in 60 s. A net angle change of A varying range of temperature was used in this study. An increase in SPR angle was observed upon increasing the temperature from 10 to 25°C and it decreased afterwards (Fig. 3) . The maximum angle change in SPR was observed at 25°C. This observation may be due to temperature dependent structural changes and electrostatic interactions that occurred on the sensor chip during the antigen antibody interaction as reported earlier [21] . Hence, the optimum temperature for the interaction of anti-PA monoclonal antibody and PA was found to be 25°C.
Detection of Anthrax with Anti-PA Antibody Immobilized Sensor Chip of SPR
The sensogram for the antigen antibody interaction for various concentrations of PA is shown in Fig. 4 . The response increased in proportion with the concentrations of PA. A calibration curve was plotted using SPR signals from Fig. 4 (net angle change i.e. working channel minus reference channel) to find out the detection limit of sensor (Fig. 5) . In purified condition, the sensor could detect the PA up to a concentration as low as 12 fM.
In spiked soil samples, SPR could detect PA produced even by a single spore/g in both, sterilized and un-sterilized soil samples on enrichment (Fig. 6a, b) . A separate graph (6c) was plotted using SPR signals from Fig. 6a , b to show the detection sensitivity of B. anthracis spores in sterilized and unsterilized soil samples. Thus, sufficient amount of PA is produced in the enriched samples after 6-8 h incubation for detection by SPR biosensor. The other advantage of this method is that it detects only live spores as dead or non-viable spores will not convert into vegetative cells and no PA will be produced. The method is much better to traditional methods like ELISA. Generally, the main drawback of ELISA is sensitivity and non-specific binding with antibodies when the unsterile soil is used as sample (Data not shown). The non-specific binding may be due to several other bacteria present in the soil, which produce various exoproteins and results in the nonspecific binding with antibodies. Immunoblot analysis confirmed that monoclonal antibodies used in this study were highly specific to PA, an anthrax specific toxin and no reactivity was observed with culture supernatant/toxins produced by other Bacillus species (Fig. 1b) . The present SPR methodology is totally based on monoclonal antibody and also provides information about affinity of interaction along with kinetic information, it could easily discriminate between specific and nonspecific binding. Hence, the nonspecific binding is almost negligible in SPR based detection (Fig. 6a, b) . Other homologous bacteria like B. cereus, B. mycoides, B. licheniformis and B. thuringiensis either in ELISA or in didn't give any signal indicating the specificity of the test. Moreover, in ELISA different types of antibodies are required for the detection including a labeled antibody, which make it very time consuming protocol for detection. Thus, SPR technology does not involve any labeling and is found to be better diagnostic system of B. anthracis for the detection from environmental samples in short time with very high specificity.
Kinetic Parameters of Antigen Antibody Interaction Used for the Detection of B. anthracis
The kinetics of the affinity binding between PA and anti-PA monoclonal antibody was analysed using the kinetic evaluation software as mentioned in materials and methods. The B max , K D and DG were found to be 18.74 mdeg, 20 fM and -78.04 kJ/mol, respectively. The low K D value indicates the high binding affinity of antibody with antigen and negative value of Gibb's free energy shows the spontaneity of reaction. On enrichment, spores enter the vegetative growth phase and begin to produce toxins. The anthrax toxins are secreted as three distinct proteins, namely PA, LF and EF and their activities have been well described [22, 23] . The PA component is produced as an 83-kDa protein and is responsible for the attachment of LF and EF to the cells surface receptor and their internalization within the cytosol.
Surface plasmon resonance based detection of PA produced by B. anthracis spores from soil samples is a unique method, where the anthrax spores can be detected in soil samples without isolation of spores/bacteria. Isolation of B. anthracis from soil sample is a very tedious procedure. In the present method, the samples can be autoclaved or disinfected after collection of supernatant for PA estimation. It is well known that soil is the reservoir of millions of bacteria which generally interferes with the growth of spores and other spores present in the soil produces multiple proteins which shows nonspecific binding in traditional immunological methods. SPR based detection rules out all the drawbacks present in the traditional methods of detection and fastens the detection procedure with simplicity, sensitivity and specificity. Another advantage of this SPR based method is that it could calculate the kinetic parameters of interaction by which we can calculate the affinity of binding between antigen and antibody. Higher the binding affinity more will be the specificity. Thus, SPR based detection of B. anthracis from environmental samples is a very useful tool for screening and confirmation of anthrax suspected environmental samples during a biowarfare like situation.
